Eleven strains of a slow-growing, gram-negative bacterium causing corky root (CR) of lettuce were examined for morphological, physiological, and biochemical traits. Each strain consisted of small, motile rods with one lateral, subpolar, or polar flagellum. All strains were oligotrophic. Typical colonies were nonpigmented, umbonate, firm, and ultimately wrinkled. All strains were aerobic, metabolized glucose oxidatively, were oxidase positive and weakly catalase positive, and reduced nitrate to nitrite and ammonia but not to nitrogen gas. All of the strains tested were nitrogenase and arginine dihydrolase negative. Ethanol was not converted to acetic acid, and none of the 11 CR strains grew at pH 5.1 or below. The CR bacterium did not fluoresce and did accumulate poly-P-hydroxybutyrate granules. The CR strains did not hydrolyze starch or Tween 80, but did hydrolyze Tween 20. Very few carbon sources were utilized. The only isoprenoid quinone detected was ubiquinone QlO. The whole-cell fatty acid profiles of the CR strains consisted of several saturated and unsaturated straight-chain fatty acids, 2-hydroxy fatty acids, one cyclofatty acid, and one methylated fatty acid and resembled the fatty acid profile of Pseudomonas puucimobilis. The guanine-plus-cytosine content of the DNA was 59 mol% , which is below the range for P. puucimobilis. DNA-DNA homology studies indicated that the CR bacterium and P. puucimobilis are related but not the same species. The quinone and fatty acid compositions of the CR bacterium and P . puucimobilis differ substantially from those of other Pseudomonus spp., indicating that these organisms do not belong to the genus Pseudomonus proper. The characteristics of the CR bacterium do not conform to those of any previously described genus, and we propose a new genus, Rhizomonas, with one species, Rhizomonus suberifaciens, for strains of the CR bacterium. Additional tests will be needed to determine whether P. puucimobilis can be transferred to the genus Rhizomonus. Strain CA1 is the type strain of R. suberifaciens and has been deposited in the American Type Culture Collection and the National Collection of Plant Pathogenic Bacteria as strains ATCC 49355 and NCPPB 3629, respectively, together with strains FL1(= ATCC 49356 = NCPPB 3628), N Y l l (= ATCC 49382 = NCPPB 3631), and W13 (=ATCC 49381 = NCPPB 3630). One additional strain that caused CR of lettuce had physiological and biochemical traits similar to those of R. suberifuciens but produced yellow colonies, had a higher guanineplus-cytosine content (64 mol%), and exhibited lower DNA homology (54%) with DNA of the type strain. More strains will need to be studied to determine the taxonomic position of this strain.
Corky root (CR) is one of the most important diseases of lettuce in the coastal valleys of California (51) . This disease has also been reported for lettuce in New York, Florida, Wisconsin, Canada, and Italy (50, 51) . The etiology of CR was controversial for many years (50, 51). In California, the disease was shown to be caused by a bacterium (51) . Recently, we demonstrated that lettuce soil from Florida, Wisconsin, and New York contained bacterial strains that induced CR on lettuce seedings and were similar to the CR bacterium from California (50) .
The CR bacterium does not grow on some of the common bacteriological media and grows relatively slowly on a medium containing casein hydrolysate, glucose, and various salts (51) . All strains form more or less wrinkled colonies on this medium and flocculate in broth (50). Based on a negative reaction in the KOH stringiness test and a variable Gram reaction, the CR bacterium was originally thought to be gram positive (C. M. Waters and R. G. Grogan, Phytopathology 74:857,1984). However, the presence of lipopolysaccharides and 2-keto-3-deoxyoctanoic acid showed that the CR bacterium is gram negative (51) .
In this paper we describe some growth characteristics, the morphology of the CR bacterium, and the results of several physiological tests and biochemical analyses. DNA-DNA homology data are included to support the conclusions * Corresponding author drawn from physiological and biochemical test results. A new genus is proposed for strains of the CR bacterium.
MATERIALS AND METHODS
Bacterial strains and media. At least three strains of the CR bacterium were used for all of the physiological and biochemical tests; these were strain CAIT (T = type strain), which was isolated from corked lettuce roots in California (51) , and strains FL1 and FL2, which were isolated from Florida soil by using lettuce seedlings as bait (50) . Most physiological tests and the fatty acid analyses were performed with nine additional CR strains, including three strains isolated from a Florida soil (strains FL3, FL4, and FL5), three strains isolated from New York soils (strains NY10, NY11, and NY12), and three strains isolated from Wisconsin soils (strains W12, W13, and W14) (50) . The strains of various species used as positive or negative controls are listed in Table 1 . All strains were routinely cultured on S-medium, which contained (per liter) 5.0 g of enzymatic casein hydrolysate (Sigma Chemical Co., St.
Louis, Mo.), 2.5 g of glucose, 1.3 g of K,HPO, -3H20, 0.5 g of KN03, 0.5 g of MgSO, . 7H,O, 60 mg of Ca(NO,), -4H,O, and 11.0 g of Noble agar (pH 7.2); this is the only medium on which strains of the CR bacterium have been grown satisfactorily thus far. For all tests, the CR strains and control strains were grown to late log phase (4 days in liquid culture or 1 week on solid medium for the CR strains and 24 to 48 h for the control strains). At this stage, liquid CR bacterium cultures had about 10" cells per ml and 3 x lo9 CFU/ml. All strains were stored in 15% sterile glycerol in S-medium (51) at -80°C.
Morphology. Gram staining by the Hucker method was performed with 12 CR strains as previously described (17) . Pseudomonas Juorescens and Rhodococcus fascians were included as gram-negative and -positive controls, respectively.
The morphology and cell division of strain CAIT were studied by transferring 0.1-ml portions of 2-day-old aerated cultures in various liquid media (5 x lo' CFUlml) onto thin layers of the same media solidified with 7.5 g of Gelrite (Kelco, Merck & Co., Inc., San Diego, Calif.) per liter and observing the cells with a phase-contrast microscope (Ultraphot 11; Carl Zeiss, Oberkochen, Federal Republic of Germany) 3, 10, 16, 23, 34, and 56 h after small squares of the inoculated medium were mounted onto sterile slides. The following media were used: S-medium, S-medium without casein hydrolysate, Burton-Lockhead medium for Arthrobacter terregens without ammonium hydrogen citrate or terrregens factor (21) , and the Arthrobacter medium without casein hydrolysate and yeast extract. To test for coccus formation, the CR bacterium was incubated on the same media without glucose or in sterile distilled water.
Cell measurements were made of strains CAIT, FL1, FL2, FL4, NY10, NY11, NY12, W12, and W14. Log-phase Sbroth cultures were transferred onto thin layers of S-agar and photographed under the phase-contrast microscope. Micrometer photographs were included for reference. The lengths and widths of 50 cells per strain were measured with the aid of a shadowgraph. The Duncan multiple range test was performed on the length and width measurements. Flagella were visualized by silver impregnation (43) and were observed with a light microscope for all 12 CR strains. The flagellation of strains CAIT and FL1 was also studied with a transmission electron microscope. Cells in S-broth were centrifuged at 15,000 x g for 10 min, suspended in sterile distilled water for 2 days, negatively stained with potassium phosphotungstate (pH 7.0; final concentration, 0.4%), and viewed on a collodion-coated grid with a Zeiss model 109 transmission electron microscope. The same transmission electron microscope was used to compare the cell wall characteristics of CR strains CAIT, FL1, and FL2 with those of P . jluorescens and Clavibacter michiganense subsp. michiganense; 5-day-old cultures on S-broth were centrifuged, washed in phosphate-buffered saline (0.145 M NaCl, 0.01 M phosphate, pH 7.6), and suspended in phosphate-buffered saline containing 3% glutaraldehyde. The samples were stained for 2 h in 1% OsO,, rinsed in water, and dehydrated in a graded ethanol series and then in propylene oxide. The samples were embedded in Medcast resin and sectioned with a diamond knife.
Physiological tests. Oxygen requirements were determined by incubating all 12 CR strains for 3 weeks at room temperature (24 to 26°C) on solid S-medium under anaerobic conditions (Oxoid jar plus H, gas-generating kit [Oxoid Ltd., Basingstoke, Hampshire, England]). After 3 weeks in the anaerobiosis jar, the plates were incubated under aerobic conditions at 27°C for 1 week and checked for growth. Oxygen requirements were also checked by using the HughLeifson oxidative-fermentative test (45) for strain CAIT and by stab inoculation in soft S-medium (0.3% agar) containing 28 pg of bromothymol blue per ml and covered with 1 cm of petrolatum (45) for all 12 CR strains. Control tubes remained uncovered. P . ftuorescens and Erwinia carotovora pv. carotovora served as controls for oxidative and fermentative respiration, respectively. Mock-inoculated controls were also included. Each treatment was duplicated. After 5 and 10 days, the tubes were checked visually for bacterial growth and color change.
Oxidase, catalase, and nitrate reduction tests for all 12 CR strains were performed as described previously (50) .
Acetic acid production from ethanol (diagnostic for members of the family Acetobacteriaceae) was tested with CR strains CAIT, FL1, FL2, NY11, NY12, W13, and WI4. Gluconobacter oxydans subsp. sphaericus was included as a positive control. The following media were used: Frateur ethanol medium (19) , Frateur medium with the yeast extract replaced by 10 g of casein hydrolysate per liter, Carr medium (8), and Carr medium with the yeast extract replaced by 10 g of casein hydrolysate per liter and the bromocresol green replaced by 0.01 g of bromothymol blue per liter. Cultures were incubated at 28°C and examined after 5 and 14 days for growth and clearing around colonies (Frateur media) or for a color change (Carr media) .
The optimal pH range was determined in liquid S-medium adjusted to pH 4 to 9 with 1 M HC1 or 1 M KOH. After autoclaving, the pH levels were 4.2, 4.7, 5.1, 5.7, 6.6, 7.6, and 8.2. All 12 CR strains (strains CAIT, FL1, FL2, FL3, FL4, FL5, NY10, NY11, NY12, W12, W13, and W14) and Pseudomonas paucimobilis were added at concentrations of 2 x 10' CFU/ml, and the preparations were incubated at 28°C for 7 days. Growth was estimated by determining optical density at 650 nm and plating onto S-medium.
Fluorescent pigment production was tested on King medium B (49,O.l x King medium B, and S-medium for strains CAIT, FL1, FL3, FL5, NY11, NY12, W13, and W14. P . ftuorescens was included as a positive control.
CR bacterium strains CAIT, FL1, and FL2 were tested for the presence of poly-P-hydroxybutyrate (PHB) granules (17) . P . fluorescens and Pseudomonas solanacearum were used as negative and positive controls, respectively. Bacteria were grown in a modified S-medium for 1 week with slow shaking (ca. 50 rpm) at room temperature or at 28°C. The modifications consisted of using 0.1% KNO, instead of 0.05% KNO,, decreasing the casein hydrolysate concentration to 0.005% (to help initiate growth), and raising the glucose concentration from 0.25 to 0.5%. PHB production was judged by staining with Sudan black (17) .
CR bacterium strains CAIT, FL1, FL2, NY10, NY11, W12, and W14 were tested for the presence of arginine dihydrolase activity. Pseudomonas syringae pv. syringae and P. ftuorescens were used as negative and positive controls, respectively. Cultures were grown in liquid Smedium with and without 5 g of L-arginine hydrochloride per liter. Arginine dihydrolase activity was determined by using method 3 described in the Manual of Methods for General Bacteriology (45) with either 33 or 6 mM phosphate buffer. Optical densities were measured at 540 nm immediately after and 2 h after L-arginine hydrochloride was added.
Nitrogenase activity was tested on Burk medium for the genus Azotobacter (45) . Glucose (2.5 ghiter) was used as the carbon source. Casein hydrolysate (0.005%) was added to help initiate growth (45) . CR bacterium strains CAIT, FL1, FL2, NYl1, NY12, W13, and W14 were included in this test. Agrobacterium radiobacter and mock-inoculated media were used as negative controls, and a Frankia sp. was used as the positive control. The cultures were incubated at room temperature without shaking. After 10 days, cotton stoppers were replaced with rubber septa, and air was replaced by a mixture of argon, acetylene, and oxygen (89:lO:l). Air samples were analyzed for ethylene after 2, 16, and 36 h by using a Varian Aerograph gas chromatograph equipped with a Poropack R column kept at 40°C. Bacteria were considered positive for nitrogenase if there was a demonstrable increase in the amount of ethylene over time. The presence of the nitrogenase gene was determined by hybridizing chromosomal DNAs from CR strains CAIT, FL1, NYl1, and W14 and P . paucimobilis with an internal fragment of the NIF-D gene from Anabaena sp. strain 7120 (obtained from J. C. Meeks, Department of Microbiology, University of California, Davis). DNAs from Rhizobium meliloti, Agrobacterium radiobacter, and P . fluorescens were included as positive and negative controls. Extraction and blotting of the DNA were performed as described below for DNA-DNA hybridization. The blot was prehybridized for 24 h at 65°C in a solution containing 6X SSC (Ix SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0), 1.0% sodium dodecyl sulfate, 0.5 mg of sheared, denatured, salmon sperm DNA per ml, and 10% dextran sulfate. New hybridization fluid was added, and the probe was added at a concentration of 1.53 X lo6 cpdml. The probe was made by using the protocol described below for DNA-DNA hybridization, except that the template was an internal portion of the NIF-D gene. Hybridization was carried out for 22 h at 65°C with shaking. Washes and autoradiography were performed as described below for DNA-DNA hybridization. Autoradiographs were scanned with a densitometer (see below) to compare the relative hybridization rates of the CR strains and the control strains.
Hydrolysis of starch was tested by using the method of Smibert and Krieg (45) for all 12 CR strains. P . paucimobilis and Escherichia coli were used as positive and negative controls, respectively. Hydrolysis of Tween 20 and Tween 80 was examined for all CR strains by using the method of Sierra (44), except that peptone was replaced by casein hydrolysate (l%), NaCl was not included, and CaC1, was replaced by an equimolar amount of Ca(NO,),. P . paucimobilis and E. coli were included as positive and negative controls.
Acid production from carbohydrates and other carbon sources was tested by using a nitrate-salts medium contain- The test compounds were added to the autoclaved medium as 5% filter-sterilized stock solutions. The media were dispensed into wells of a sterile 96-well plate (Cell Wells; Coming Glass Works, Coming, N.Y .) at a rate of 0.2 ml per well. In a second experiment, an ammonium-salts medium (12) was used instead of the nitrate-salts medium, but yeast extract was omitted and bromocresol purple was replaced by bromothymol blue. Late-log-phase cultures of the 12 CR strains and P . paucimobilis in S-broth were centrifuged at 12,000 rpm for 10 min and then suspended in sterile distilled water. Cell concentrations were adjusted to lo9 CFU/ml; 1 drop (0.05 ml) of each cell suspension was added per well. Noninoculated medium and inoculated medium without any test compound were maintained as controls. Each test was performed in duplicate. The plates were incubated at 28°C without agitation and were evaluated after 1, 2, and 3 weeks for acid production, which was indicated by a color change.
Optimum and maximum temperatures for growth in cul- To determine whether the CR bacteria were oligotrophic (46) , log-phase cultures of strains CAIT and FL1 of the CR bacterium and P. jiuorescens in S-broth were diluted 10-fold to concentrations of approximately 5 x 10' CFUlml, and 0.1-ml portions of the diluted suspensions were transferred to 10-ml portions of full-strength and and 10-3-folddiluted nutrient broth from Difco Laboratories, Detroit, Mich., nutrient broth prepared by the method of Suwa and Hattori (46) , medium 523 without antibiotics (31) , and Smedium. After incubation on a shaker at 28°C for 1 and 2 weeks, bacterial growth was determined from the number of colony-forming units on S-agar.
Lipid analyses. Isoprenoid quinones were extracted by using the method of Collins (10) from 100-mg portions of dried cells of CR strains CAIT, FL1, and FL2 and of Rhodococcus fascians and P . jluorescens. Kieselgel60F254 thin-layer chromatography (TLC) plates were prepared with 17.5 ml of a slurry containing 80 g of silica gel (catalog no. 7747; E. Merck, Darmstadt, Federal Republic of Germany, through Brinkmann Instruments, Inc., Westbury, N.Y.) per 200 ml of water. Vitamin K, (Sigma), a phylloquinone (chemically related to menaquinones) , and coenzyme QlO (Sigma), a ubiquinone, were applied onto the TLC plates as standards. Preparative TLC plates were developed as described by Collins (10). UV absorbance was monitored for the samples and standards over the range from 360 to 220 nm. The absorbance peaks of the samples were compared with those of the standards to place the compounds into classes of quinones (i.e., ubiquinones, menaquinones, or others) (11). Bands from TLC plates were scraped off, eluted in chloroform, and applied to reverse-phase TLC plates as described by Collins (10). Residue from P. fluorescens was used as the ubiquinone Q9 standard, coenzyme 10 was used as the ubiquinone QlO standard, and vitamin K, was used as the menaquinone standard. The Rf values of the samples were compared with those of the standards.
Samples with unidentified UV absorbance peaks (see Table 5 ) were analyzed by mass spectrophotometry at the Facility for Advanced Instrumentation, University of California, Davis. Samples were put onto a glass capillary solids probe and heated to 400°C at a rate of 200"C/min in a model Trio-2 gas chromatograph-mass spectrophotometer (VG Masslab, Altrincham, United Kingdom). Compounds with elution times corresponding to those of quinones were ionized by electron impact at 70 eV.
Whole-cell fatty acid profiles were compared for all 12 CR strains. Fatty acids were extracted and methylated by using the procedure of Moore et al. (38) . Fatty acid methyl esters were separated and analyzed by gas chromatography-mass spectrometry at the Facility for Advanced Instrumentation, University of California, Davis, as described previously (50) . The fatty acid compositions of strains CAIT and FL1 of the CR bacterium were also determined by Myron Sasser, Microbial ID, Newark, Del. CR bacterium cells were grown in S-broth, and fatty acids were extracted and methylated by using the method of Moore et al. (38) . Fatty acid methyl ester fractions were separated in the fused-silica capillary column of a gas chromatograph (Hewlett-Packard Co., Palo Alto, Calif.) equipped with a flame ionization detector. A standard containing known fatty acids was run simultaneously. The peaks were identified by using the HewlettPackard MIS software package and were compared with those in the data base. G+C content of DNA. DNA base compositions (guanineplus-cytosine [G+ C] contents) were determined for CR strains CAIT, FL1, FL3, FL4, NY10, NY11, NY12, W12, W13, and W14 and for P . paucimobilis as a control; 5-day-old cells were harvested by centrifugation (16,000 x g or 10,000 rpm in a type GSA rotor [Ivan Sorvall, Inc., Norwalk, Conn.]) and were washed once with saline-EDTA (0.15 M NaCl, 0.01 M sodium EDTA, pH 8.0). The cells were disrupted in 1% sodium dodecyl sulfate by incubating them at 37°C for 1 h and then at 65°C for 0.5 h. DNA was extracted by a modification of the Marmur method (29) . Spooled DNA was suspended in Tris-EDTA (10 mM Tris-hydrochloride, 1.0 mM EDTA, pH 8.0). To estimate DNA concentration and the extent of protein or carbohydrate contamination, UV absorbance was read at 230, 260, and 280 nm. UV absorbance ratios indicated that cabohydrate and protein contamination was within acceptable limits. The isolated DNA was analyzed for G+C content by centrifugation on a cesium chloride gradient. Samples (1 fig) of DNA were loaded onto 1.7-g/ml CsCl along with plasmid-free DNA of Escherichia coli K-12 as a reference (1.710 g/ml or 51.02 mol% G+C). The samples were centrifuged at 44,000 rpm for 20 h in a model E analytical centrifuge with an ANF rotor (Beckman Instruments, Inc., Fullerton, Calif.). The densities of DNAs were determined by microdensitometer tracing of the UV absorption photographs of the gradients. The moles percent G+C content was calculated by using the method of Mandel et al. (37) . Each strain was analyzed at least twice.
DNA-DNA hybridization. In a preliminary experiment, the levels of DNA homology between strain CAIT and 14 other bacteria were determined. The bacteria selected represented the main plant-pathogenic genera and some related genera or species, including Agrobacterium radiobacter, Agrobacterium rhizogenes, Agrobacterium tumefaciens, Erwinia amylovora, Erwinia carotovora pv. carotovora, Pseudomonas cichorii, P . jiuorescens, P . solanacearum, P . syringae pv. savastanoi, P . syringae pv. syringae, Rhizobium meliloti, Xanthomonas campestris pv. campestris, and X . campestris pv. juglandis. Rhizobium meliloti was included because one of the fatty acids of the CR bacterium had been reported previously only for members of the genus Rhizobium (see below). In a second experiment, DNA from strain CAIT was hybridized with DNAs from three other CR strains (strains FL1, NY10, and W14) and 22 other gram-negative bacteria, including 3 Agrobacterium species, 2 Erwinia species, 2 Xanthomonas species, 13 Pseudornonas species (5 species belonging to rRNA homology group I, 2 species belonging to group 11, 3 species belonging to group 111, 1 species belong- ing to group IV, and 2 unassigned species), 1 Gluconobacter species, and 1 Rhizobium species. Chromosomal DNA was extracted by using a modification of the procedure of Close et al. (9) . The modifications consisted of (i) addition of RNase A (10 mg/ml in water) to the cell lysate before extraction of the DNA, (ii) extraction of DNA in phenol (0.6 ml of phenol [pH 6.01 equilibrated with TEN buffer [lo mM Tris, pH 8.0, 10 mM NaCl, 1 mM EDTA] [9]) instead of in a phenol-chloroform mixture, and (iii) extraction of DNA from the aqueous phase in a 1:l mixture of phenol and chloroform-isoamyl alcohol (24: 1) and then again two times in chloroform. DNA was quantified spectrophotometrically at 260 nm. DNA from each strain was denatured in 0.4 M NaOH and transferred onto Zetaprobe membranes (BioRad Laboratories, Richmond, Calif.) with a slot blot vacuum minifold (Minifold 11; Schleicher & Schuell, Inc., Keene, N.H.). Three amounts (1.0, 0.1, and 0.01 pg) were blotted for each sample. The blots were washed with 400 pl of 0.4 M NaOH, rinsed in 2~ SSC, air dried, and fixed at 80°C in a vacuum oven for 1 to 2 h. DNA from strain CAIT was denatured in a boiling water bath for 5 min and labeled with 32P by using an oligolabeling kit (random primed DNA labeling kit; Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Unincorporated nucleotides were removed by passing the mixture through Sephadex G-50. Slot blots were prehybridized overnight in a shaking water bath at 68°C in 20 ml of a solution containing 30% formamide, 2 . 0~ SSC, 1.0% sodium dodecyl sulfate, 0.75% nonfat dry milk, and 0.5 mg of denatured salmon sperm DNA per ml. The denatured, labeled probe was added to the blots, and the preparations were hybridized for 20 h at 40, 50, and 60°C (nonstringent, optimum, and stringent conditions, respectively [41] ) in the preliminary experiment and at 50 and 60°C in the second experiment. The blots were washed by using the standard protocol for Zeta-probe membranes plus one additional wash in 0.1X SSC plus 0.1% sodium dodecyl sulfate for 30 min at the hybridization temperature. After the final wash, the membrane was rinsed in 0.1X SSC, blotted, and autoradiographed at -70°C on X-ray film (type XAR 5 ; Eastman Kodak Co., Rochester, N.Y.). The densities of the autoradiographs were measured by using a QuickScan Jr. densitometer (Helena Laboratories, Beaumont, Tex). Percentages of hybridization were calculated based on the number of peaks relative to the number for CR bacterium strain CAIT (4).
Pathogenicity on lettuce. The results of pathogenicity tests with the CR strains used in this taxonomic study have been described previously (50) . In addition, P. paucimobilis was tested for pathogenicity on lettuce seedlings. Seeds of lettuce cultivar Salinas were surface sterilized in 0.5% sodium hypochlorite for 5 min and planted in pots (width, 5 cm) containing autoclaved vermiculite. The pots were irrigated with water and with 0 . 5~ Hoagland solution on alternate days (50) . The plants were placed in separate growth chambers to avoid cross contamination. Each chamber had a lighddark cycle of 14/10 h and a temperature cycle of 30/25"C. Light was supplied by fluorescent tubes at an intensity of 150 microeinsteins m-2s-1. At 10 days after planting, 20 seedlings for each bacterial treatment were inoculated; this was accomplished by dispensing 5 ml of a cell suspension (4 x lo8 to 5 x lo8 CFU/ml) of P . paucimobilis or strain CAIT of the CR bacterium at the stem base of each plant. The plants were uprooted 3.5 weeks after inoculation and scored for CR severity on a scale from 0 to 9 (7).
RESULTS
Cultural characteristics and morphology. All strains of the CR bacterium grew relatively slowly in culture. On Smedium, the colonies became visible after 4 days at 27°C. Initially, they were circular and pulvinate or umbonate with entire margins, but after 2 weeks, they became irregular and wrinkled with undulate margins. The colonies were compact, but could be dislodged from the medium relatively easily. Colonies of most strains were nonpigmented on S-agar, but colonies of strain W14 were dull yellow and produced a brown diffusible pigment ( Table 2 ). All of the strains flocculated to some extent in S-broth.
Most cells of the CR bacterium were small, straight or slightly curved rods; the cells often occurred in strings or clumps of several cells. The length and width of the rods varied slightly but significantly (P < 0.01) among strains.
Strain CAIT had the longest and thinnest rods (1.34 k 0.22 by 0.43 k 0.06 pm), and strain W14 had the shortest an thickest rods (0.92 k 0.23 by 0.53 k 0.06 pm). The average length and width of the unpigmented CR strains were 1.19 k 0.23 and 0.46 2 0.05 pm, respectively. The cells appeared to divide by binary fission. Filaments were common for strains CAIT, NY10, NY11, NY12, and W13. The Florida strains and strain W12 were less filamentous, and filaments were not observed with strain W14. On the Arthrobacter medium, colonies of strain CAIT grew in the form of a branched mycelium (Fig. 1) . The hyphae sometimes fragmented, but other times they did not grow or divide at all. Filaments were not observed on poor media, such as S-medium without glucose or without casein hydrolysate. Cocci were observed only rarely in S-broth without glucose and in sterile distilled water; they were not observed in any of the richer media or on solid media. Rod-shaped cells of most strains had a single subpolar, lateral, or polar flagellum (Table 2 and Fig. 2 ). Flagella were not observed on strains NY10, NY11, W12, and W14.
Transmission electron microscope sections of the cell wall were typical of gram-negative bacteria, with a lipopolysaccharide layer, periplasmic space, peptidoglycan layer, and unit cell membrane (Fig. 3) . This confirmed the negative reaction with the Hucker Gram stain.
Physiological tests. The results of the physiological tests are shown in Table 2 , and only the noteworthy tests are discussed below. Like P . paucimobilis, the CR bacterium did not grow on Hugh-Leifson oxidative-fermentative medium (which contains peptone). However, all strains of the CR bacterium were oxidative when they were stab inoculated into uncovered S-medium. All CR strains produced nitrite and ammonia from nitrate, but none produced nitrogen gas, in contrast to P . paucimobilis, which does not reduce nitrate at all (24) . All CR strains and P . paucimobilis grew on modified Burk medium, but did not reduce acetylene to ethylene. The chromosomal DNAs of the CR strains and P . paucimobilis did not hybridize with the Nif gene of Anabaena sp. Compared with Rhizobium meliloti (100% homology), the DNAs of the CR strains exhibited 0 to 12% homology with the Nif gene, P . paucimobilis DNA exhibited 9% homology, and P. JEuorescens DNA exhibited 10% homology. In contrast to P. paucimobilis, none of the CR strains hydrolyzed starch or Tween 80. Again in contrast to P . paucimobilis, the CR strains used very few sugars as sole carbon sources. In the nitrate-salt medium, acid was produced by all of the CR strains from glucose and salicin. Some strains produced acid from fucose. Nitrate media supplemented with mannose turned alkaline for most strains. In the INT. J. SYST. BACTERIOL. Some strains of P. paucimobifis are nitrogenase positive (2). ASS, Ammonium-sugar-salts medium without yeast extract. We observed acid production from ethanol on ammonium-sugar-salts medium supplemented with yeast extract.
ammonium-salt medium, acid was produced from glucose, maltose, and mannose by all of the CR strains. Few strains produced acid from salicin. Strain W14 was the only strain with a wider sugar utilization pattern (cellobiose, glucose, maltose, myo-inositol, and salicin).
The optimum growth temperature of strains CAIT and FL1 was 26 to 33°C as determined by the number of days to first visible growth and 28 to 32°C as determined by optical density 11 days after the initiation of the experiment. The maximum temperature at which growth occurred within 27 VOL. 40, 1990 RHIZOMONAS SUBERIFACIENS GEN. NOV., SP. NOV. 181
FIG. 1. Five-day-old colony of Rhizomonus suberifaciens CAIT on Burton-Lockhead medium for Arthrobucter terregens. Bar = 5 Pmdays was 36°C. The minimum temperature was below 20°C and was not determined. The effects of temperature on the growth rates of strains CAIT and FL1 were not significantly different (P = 0.38). In a comparison of growth of all 12 CR strains with the growth of P . paucimobilis, only strain W14 showed slight growth at 3TC, whereas P . paucimobilis grew profusely at 37°C. At 42"C, none of the CR strains grew, while P . paucimobilis showed very slight growth ( Table 2) .
The results of both oligotrophy tests were similar, and only those of the second test are shown in Table 3 . As expected, P. fluorescens grew profusely on all undiluted media and somewhat less profusely on the same media diluted and 10-3-fold. The CR strains grew best on undiluted S-medium and somewhat less well on diluted S-medium. On medium 523, the CR strains grew better when the medium was diluted (lo-*-or 10-3-fold) than when it was undiluted. Growth of the CR strains was extremely limited in undiluted nutrient broth (Difco nutrient broth or SuwaHattori medium [46] ); growth was improved in diluted nutrient broth or 10-3-fold).
Lipid analyses. (i) Isoprenoid quinones. On silica gel TLC
plates, the Rf values of the bands for the CR strains and P. fiuorescens were similar to the Rf value of the band for coenzyme 10, the ubiquinone standard (Table 4) . Rhodococcus fascians had a band corresponding to the band of vitamin K,, the phylloquinone standard. On reverse-phase TLC plates, the Rfvalues for the spots of the CR strains were the same as the Rf value for the spot of coenzyme 10 ( Table 4 ), indicating that the CR bacteria probably contain ubiquinone QlO. The Rf value for the spot of P. fluorescens was higher than the Rf value for ubiquinone QlO and was typical for ubiquinone Q9.
The UV absorbance of the standard samples in isooctane was optimal at the expected wavelengths (one peak at 275 nm for coenzyme 10 and several peaks between 242 and 330 nm for vitamin K,) ( Table 5 ). P. fluurescens had a peak at 274 nm that was typical for ubiquinones, and Rhodococcus fascians had several peaks that were typical for phyllo-and menaquinones. All of the CR strains had peaks around 275 nm, which were equivalent to the peak for coenzyme 10, plus an unidentified peak at 232 or 240 nm, depending on the strain.
To identify the unknown compounds with UV absorbance peaks at 232 or 240 nm, samples were analyzed by gas chromatography-mass spectrophotometry . Only one peak was found on each of the gas chromatograms, corresponding to quinones with UV absorbance peaks at 275 nm. After the compound which produced the peak was ionized, the major fragments produced had masses of 197 and 235 daltons, which are characteristic for the ring structure of quinones. The mass of the unfragmented quinone of the CR strains was 865 daltons, corresponding to ubiquinone QlO with 9 rather than 10 isoprene units unsaturated. The standard coenzyme 10 had a total mass of 862 daltons, corresponding to ubiquinone QlO with 10 isoprene units unsaturated, and the quinone from P. fluorescens had a total mass of 797 daltons, corresponding to ubiquinone Q9. The unknown compounds had lower molecular weights than those typical for quinones and were probably by-products from the extraction procedure.
(ii) Fatty acids. The fatty acid profiles were similar for all of the CR strains (Table 6 ). They consisted of several The fatty acid compositions as determined at Microbial ID were very similar to those obtained at the University of California, Davis. A comparison of the fatty acid compositions of strains CAIT and FL1 with a data base at Microbial ID indicated that the CR bacterium had a fatty acid profile which was most similar to that of P. paucimobilis (similarity indices, 0.092 for strain CAIT and 0.346 for strain FL1). However, the CR strains were grown in liquid S-medium, and P . paucimobilis was grown on a solid standard medium. When P . paucimobilis was grown on S-medium and ana- lyzed for fatty acids at the Facility for Advanced Instrumentation, University of California, Davis, its fatty acid composition was similar to that of the CR bacterium, but differed slightly in the relative concentrations of 2-OH-14:0, 16:1, 18:1, and 10-CH3-18:1 fatty acids (Table 6) .
G+C content of DNA. The average G+C content was 58.9 2 0.3 mol% for strains CAIT, FL1, FL3, FL4, FL5, NY10, NY11, NY12, W12, and W13; the range was 58.2 to 59.5 mol% for these strains. The average G+C content of strain W14 and 63.7 k 0.2 mol%, and the range was 63.6 to 63.9 mol%, values which are significantly higher than those obtained for the other 10 CR strains. The G+C content of the type strain of P . paucimobilis included as a control was 65.73 k 0.07 mol% and was significantly different from the values for the CR strains.
DNA-DNA hybridization. The hybridization percentages obtained in the preliminary experiment with 14 different species were similar to those obtained in the second experiment with 23 different species and four CR strains. Thus, only the results of the second experiment are shown in Table  7 . Under stringent conditions (60°C), the levels of homology between the DNA of CR strain CAIT and the DNAs of strains FL1 and NY11 were about 100%. The level of homology with the DNA of strain W14 was much lower (54%) but was still higher than the level of homology for any other bacterium tested. The levels of hybridization between the DNA of strain CAIT and the DNAs of P . paucimobilis and Pseudomonas diminuta were 13 and lo%, respectively. For all other species, the levels of homology were between 0 and 6%. At a hybridization temperature of 50°C, the levels of homology were higher for all species, but the relative order 
DISCUSSION

Most morphological, physiological, and biochemical traits
were the same for all CR strains, but strain W14 differed from the other CR strains in some characteristics. Strain W14 produced yellow instead of white colonies, produced slightly shorter and thicker rods without flagella, grew on fullstrength yeast extract, peptone, or nutrient agar, utilized a wider range of carbohydrates, grew at a lower pH, and had a slightly stronger catalase reaction, a higher G+C content, and less DNA homology with strain CAIT compared with the other CR strains. It also had less affinity to polyclonal antibodies produced against strain CAIT (50) and to monoclonal antibodies produced against strains CAIT and FL1 (unpublished data). However, it did not differ in most essential characteristics, such as the number of isoprene units of the respiratory quinone, fatty acid composition, and most physiological traits. The difference in G+C content (64 mol% for strain W14 compared with 59 mol% for the other CR strains) would be acceptable within the same genus but not within a species (41) . The DNA homology level (54%) with strain CAIT was below the level (70%) generally considered to be the minimal level for members of one species (41, 52) . Thus, strain W14 may belong to a different species in the same genus as the other CR strains. All of the other strains (strains CAIT, FL1, FL2, FL3, FL4, FL5, NY10, NY11, NY12, W12, and W13) resembled each other in phenotypic characteristics, quinone system, cellular fatty acid composition, and DNA base composition. Consequently, these strains could be assigned to the same species. More strains similar to strain W14 need to be collected, and more taxonomic comparisons need to be made to determine whether strain W14 belongs to a separate but closely related species.
Isoprenoid quinones are characteristic for the higher groupings of bacteria (11). Species within one genus usually have the same number of isoprene units in their quinones (11). The broadly defined genus Pseudornonas is a notable exception (42) . However, based on DNA-rRNA homology 26, 27) and may belong to superfamily 11, which contains genera with ubiquinones Q8 and Q9 (11). Members of the genus Chryseornonas differ from CR strains in that they do not accumulate PHB granules, are oxidase negative, grow at higher temperatures, and have lower G+C contents than the CR strains (26).
The genera listed in Table 8 , which have ubiquinone QlO as their main quinone, have several characteristics in common with the CR strains but are sufficiently different that the CR strains cannot be assigned to these genera. The CR strains resemble members of the genus Azorhizobiurn in morphology, oxidase and catalase activity, nitrate reduction, and sugar utilization (restricted to glucose) (18) . However, the CR strains have an acid rather than alkaline reaction on glucose, are arginine dihydrolase and nitrogenase negative, and have lower G+C contents. The CR strains are similar to members of the genera Rhizobium and Bradyrhizobiurn in morphology and flagellation, in production of PHB granules, in having a relatively slow growth rate, in their poor utilization of peptone, and in G+C content (30), but do not fix nitrogen and have a different fatty acid profile (6, 36). However, one of the fatty acids of the CR strains (10-CH,-18:1) has been found only in the genus Rhizobiurn so far (M. Sasser, personal communication). The CR strains are very different in cell arrangement from members of the genus Phyllobacterium (34), but resemble organisms in this genus in many other respects. The CR strains are similar to members of the genus Agrobacteriurn in morphology and flagellation (32). However, they do not produce copious extracellular polysaccharide slime, do not produce acid on a wide range of carbohydrates, do accumulate PHB, and do not have 3-OH fatty acids. All members of the family Rhizobiaceae have the ability to induce hypertrophies on plants, in the form of either nodules or galls (30). Strains of the CR bacterium are also able to induce swellings on plant roots (51) and may belong to the Rhizobiaceae.
Of the free-living nitrogen-fixing bacteria, the CR strains are similar to members of the genus Xanthobacter with respect to yellow pigment production (only one CR strain so far), cell morphology, Gram staining, and various physiological traits (53) . Both of these taxa were originally thought to be gram positive because their cells are dficult to destain (53; Waters and Grogan, Phytopathology 74:857). However, the CR strains do not fix nitrogen and have a different sugar utilization pattern, lower DNA base compositions (53), and a different fatty acid profile (39). The CR strains differ from members of the genus Agromonas in cell size, morphology, and multiplication and have lower G+C contents (39). The CR bacteria are different from members of the genus Beijerinckia with respect to colony morphology, PHB lipoid bodies, and nitrogen fixation (3).
As for the non-nitrogen-fixing bacteria, members of the genus Gluconobacter have a morphology and G+C contents similar to those of the CR strains (14). The main components of the fatty acid profiles are the same (48), but Gluconobacter spp. have both 2-OH and 3-OH fatty acids (47), while the CR strains have only 2-OH fatty acids. In contrast to (42) and is located at the base of superfamily IV according to the classification of De Ley and co-workers (16). DNA of P . diminuta hybridized to some extent (10%) with DNA of CR strain CAIT (this study). However, the fatty acid composition of P . diminuta is quite different from that of the CR strains, with a high proportion of 3-OH-12:O fatty acid (42) .
A combination of quinone and fatty acid analyses can distinguish between genera (28), and groupings based on these two characteristics have been shown to coincide with groupings based on rRNA-DNA homology data (42) . The CR strains and P . paucimobilis share the same isoprenoid quinone (ubiquinone QlO) and a similar fatty acid composition. The fatty acid compositions differed slightly between laboratories (Microbial ID and the Facility for Advanced Instrumentation), although the same extraction procedure was used. The similarity index between P . paucimobilis and CR strains CAIT and FL1 calculated at Microbial ID was not very high, probably partly because of a difference in the medium used (5, 28). On the same medium, the fatty acid compositions (as analyzed at the University of California, Davis) seemed to be more similar. Both the CR bacterium and P. paucimobilis have a relatively large peak of 2-OH-14:O fatty acid. This peak is not common in any other species included in the Hewlett-Packard data base (Sasser, personal communication). Neither strains of the CR bacterium nor P . paucimobilis has 3-OH fatty acids. According to Oyaizu and Komagata (42) this is quite unusual for gramnegative bacteria.
Most of the morphological and physiological characteristics of the CR strains were also similar to those reported for P. paucimobilis (24) . Neither the CR bacterium nor P .
paucimobilis produced acid on a peptone-glucose medium, but these organisms did produce acid on an ammonium or nitrate-glucose medium (24) . Most oligotrophic soil bacteria are sensitive to peptone (22), and the nonpigmented CR strains are probably also oligotrophic because they did not grow on undiluted nutrient broth but did grow on fold-diluted S-medium, which had an organic carbon content of about 3 kg/ml. Suwa and Hattori (46) isolated a yellow oligotrophic strain from paddy soil which they classified as a strain of P . paucimobilis. On the other hand, the yellow CR strain W14 and the type strain of P . paucimobilis grew on full-strength common bacteriological media and are not oligotrophic. The nonpigmented CR strains differed from P . paucimobilis in several other physiological characteristics, such as pH and temperature requirements, sugar utilization, and nitrate reduction. None of the CR strains contained the nitrogenase gene, whereas some strains of P. paucimobilis are free-living nitrogen fixers associated with rice roots (1). Finally, P . paucimobilis was not pathogenic for lettuce, a distinguishing characteristic of the CR strains. Despite these differences between P. paucimobilis and the CR strains, the similarity in fatty acid composition suggests that the CR strains and P . paucimobilis may belong to the same genus. This provisional conclusion is supported by the level of DNA-DNA homology (13%) between P . paucimobilis and strain CAIT. Although there is no satisfactory phylogenetic definition of a genus (52), Owen and Jackman (40) used a background DNA-DNA similarity of 8% between P. paucimobilis and Flavobacterium capsulatum as one of the arguments to suggest that these species belong to one genus.
Several authors have suggested that P . paucimobilis does not belong in the genus Pseudomonas, based upon numerical phenetic analysis (24) , cellular fatty acid profiles (13, 42), and rRNA-DNA homology studies (16). Similarly, F. capsulatum does not belong in the genus Flavobacterium, since this genus is restricted to species with low G+C contents (30 to 42 mol%) (2, 23). DNA-rRNA hybridization showed that F. capsulatum and P . paucimobilis, together with some other misnamed Pseudomonas and Flavobacterium species, are closely related members of the fourth rRNA superfamily (16) and need to be transferred to a new genus (16, 40) .
Since strains of the CR bacterium and P . paucimobilis differ substantially from strains of other Pseudomonas spp., and characteristics of the CR bacterium do not conform to characteristics of any previously described genus, we propose a new genus, Rhizomonas, with one species, Rhizomonas suberifaciens, for the unpigmented strains of the CR bacterium. The yellowish CR strain from Wisconsin (strain W14) with physiological and biochemical traits similar to those of Rhizomonas suberifaciens is not included in this species because of its higher G+C content (64 mol%) and lower DNA homology (54%) with the DNA of the type strain. More strains need to be studied to determine whether this organism belongs to a different species in the same genus and whether it is more closely related to P . paucimobilis than the nonpigmented CR strains. Additional tests will be needed to determine whether P . paucimobilis should be transferred to the genus Rhizomonas.
Description of Rhizomonas gen. nov. Rhizomonas (Rhi.zo.mo'nas. Gr. n. rhiza, root; Gr. fem. n. monas, unit; M.L. fem. n. Rhizomonas, a unit associated with roots) cells are gram-negative, straight or slightly curved rods that are motile by one lateral, subpolar, or polar flagellum or are nonmotile. Resting stages are unknown. Cell division takes place by binary fission. Cells accumulate PHB granules and are arginine dihydrolase negative. Colonies are not fluorescent, are white or yellowish, and are smooth or wrinkled. Cells are obligately aerobic and have oxidative metabolism. The optimum growth temperature is ca. 28 to 33°C; the maximum growth temperature is between 36 and 42°C. Ethanol is not converted to acetic acid. Oxidase and catalase are produced. Denitrification to N, gas does not occur. Ubiquinone QlO is present. Whole-cell fatty acids consist mainly of even-numbered unsaturated (18: 1 and 16: 1) and saturated (16:O) straight-chain fatty acids, as well as 2-OH-14:O and 17:l fatty acids. 18:l fatty acid represents at least 50% of the total fatty acids. The G+C content of the DNA ranges from 58 to 65 mol%. The type species is Rhizomonas suberifaciens.
Description of Rhizomonas suberifuciens sp. nov. Rhizomonus suberifaciens (su.be.ri.fa'ci.ens. L. gen. n. suberis, of cork, corky; L. part. adj. faciens, making, producing; M.L.
part. adj. suberifaciens, corky making) cells are gram-negative, straight or slightly curved rods that are nonmotile or motile with one lateral, subpolar, or polar flagellum and measure 1.19 k 0.23 by 0.46 k 0.05 pm. Filaments (up to 12 pm long) may occur. Cell division takes place by binary fission. Growth is better on diluted than on full-strength common bacteriological media. Colonies on S-medium are nonpigmented, nonfluorescent, initially circular, and pulvinate or umbonate with entire margins, but later irregular and wrinkled with undulate margins. All strains are obligate aerobes. Optimal growth occurs at 28 to 32°C; strains do not grow at 37°C. The oxidase reaction is positive, and the catalase reaction is weakly positive. Nitrate is reduced to nitrite and ammonia, but not to nitrogen gas. Nitrogenase is not produced. Ethanol is not converted to acetic acid. Cells accumulate PHB granules, and arginine dihydrolase is not produced. All strains produce acid from oxidative fermentation of glucose, maltose, salicin, and mannose. Whole-cell fatty acid profiles consist mainly of 18:1, 16:1, and 16:O fatty acids. The presence of a large amount of 2-OH-14:O fatty acid is characteristic; 10-CH3-18:1 and cyclo-19:0 fatty acids are usually found. The G+C content of the DNA ranges from 58.2 to 59.5 mol%. Strains are pathogenic for several members of the Compositae and induce corkiness or swellings or both on the main roots. Strain CA1 is the type strain and has been deposited in the American Type Culture Collection and the National Collection of Plant Pathogenic Bacteria as strains ATCC 49355 and NCPPB 3629, respectively, together with strains FL1(= ATCC 49356 = NCPPB 3628), NYll (= ATCC 49382 = NCPPB 3631), and W13 (= ATCC 49381 = NCPPB 3630).
